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(57) ABSTRACT

This invention relates to a method for producing a copolymer
of a conjugated diene compound and an unconjugated olefin

other than the conjugated diene compound having a high
cis-1,4 bond content of a conjugated diene compound por-
tion, and more particularly to a method for producing a
copolymer characterized by comprising a step ol polymeriz-

ing a conjugated diene compound and an unconjugated olefin
other than the conjugated diene compound 1n the presence of
a polymerization catalyst composition including at least one
complex selected from a metallocene complex represented by
the following general formula (I):

()

CpR
M-——o1I 1,
Cp”~ d \
/N—Si(RﬂRbe)
Si(RYReR/)

(wherein M 1s a lanthanoid element, scandium or yttrium, and
Cp”is independently a non-substituted or substituted indenyl,
and R“-R/ are independently an alkyl group having a carbon
number of 1-3 or a hydrogen atom, and L 1s a neutral Lewis
base, and w 1s an mteger of 0-3) and so on.

11 Claims, 4 Drawing Sheets
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1
METHOD FOR PRODUCING COPOLYMER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage of International Appli-
cation No. PCT/JP2010/004847 filed Jul. 30, 2010, claiming
priority based on Japanese Patent Application No. 2009-
184643, filed Aug. 7, 2009, the contents of all of which are

incorporated herein by reference 1n their entirety.

TECHNICAL FIELD

This invention relates to a method for producing a copoly-
mer, and more particularly to a method for producing a
copolymer of a conjugated diene compound and an unconju-
gated olefin other than the conjugated diene compound hav-
ing a high cis-1,4 bond content in the conjugated diene com-
pound portion.

BACKGROUND ART

In a coordinating anion polymerization using a catalyst
system as typified by a Ziegler-Natta catalyst, it 1s well known
that olefin or diene can be homopolymerized. In such a cata-
lyst system, however, 1t 1s difficult to copolymerize olefin and
diene elliciently. For example, JP-A-2006-503341 (Patent
Document 1) describes the copolymerization of olefin and
diene, hut there are problems 1n a method as described 1n
Patent Document 1 that the resulting polymer has the restric-
tive structure, and a catalytic activity 1s low, and the molecular
weight of the polymer 1s low, and so on.

PRIOR ART DOCUMENT

Patent Document

Patent Document 1: JP-A-2006-503141

SUMMARY OF THE INVENTION

Problems to be Solved by the Invention

It 1s, therefore, an object of the invention to provide a
method for producing a copolymer of a conjugated diene
compound and an unconjugated olefin other than the conju-
gated diene compound, which has a high c1s-1,4 bond content
in the conjugated diene compound portion, with a novel met-
allocene complex.

Means for Solving the Problem

The inventors have made various studies 1n order to achieve
the above object and discovered that a conjugated diene com-
pound and an unconjugated olefin other than the conjugated
diene compound are polymerized 1n the presence of a poly-
merization catalyst composition mncluding a specified metal-

locene complex to obtain a copolymer comprised of these
monomers, and as a result the invention has been accom-

plished.
That1s, the method for producing the copolymer according,

to the invention is characterized by comprising a step of
polymerizing a conjugated diene compound and an unconju-
gated olefin other than the conjugated diene compound in the

presence of a polymerization catalyst composition including,
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2

at least one complex selected from the group consisting of a
metallocene complex represented by the following general

formula (I):

()

CpR
M--—TI1,,
Cp”~ d \
/N—Si(RﬂRbe)
Si(RReR/)

(wherein M 1s a lanthanoid element, scandium or yttrium, and
Cp” is independently a non-substituted or substituted indenyl,
and R*-R/ are independently an alkyl group having a carbon
number of 1-3 or a hydrogen atom, and L 1s a neutral Lewis
base, and w 1s an integer of 0-3), a metallocene complex
represented by the following general formula (1I):

(1)

(wherein M 1s a lanthanoid element, scandium or yttrium, and
Cp” is independently a non-substituted or substituted indenyl,
and X'1s ahydrogen atom, a halogen atom, an alkoxide group,
a thiolate group, an amide group, a silyl group or a hydrocar-
bon group having a carbon number of 1-20, and L 1s a neutral
Lewis base, and w 1s an integer of 0-3) and a half-metallocene

cation complex represented by the following general formula
(11D):

(I1T)

(wherein M 1s a lanthanoid element, scandium or yttrium, and
Cp™ is a non-substituted or substituted cyclopentadienyl,
indenyl or fluorenyl, and X 1s a hydrogen atom, a halogen
atom, an alkoxide group, a thiolate group, an amide group, a
s1lyl group or ahydrocarbon group having a carbon number of
1-20, and L 1s a neutral Lewis base, and w 1s an integer of 0-3,
and [B]™ 1s a non-coordinating anion).

The metallocene complex 1s a complex compound wherein
one or more cyclopentadienyls or a derivative thereof 1s
bonded to a center metal. Particularly, a metallocene complex
having one cyclopentadienyl or a derivative thereol bonded to
the center metal may be referred to as a half-metallocene
complex. Also, olefin 1s an aliphatic unsaturated hydrocar-
bon, which 1s a compound having one or more carbon-carbon
double bonds.

In a preferable embodiment of the method for producing
the copolymer according to the invention, at least one of the
R“-R/is a hydrogen atom.

In another preferable embodiment of the method for pro-
ducing the copolymer according to the invention, at least one
of the R#-R¢ is a hydrogen atom and at least one of the R%-R/
1s a hydrogen atom.
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In the other preferable embodiment of the method for pro-
ducing the copolymer according to the invention, the poly-
merization of the conjugated diene compound and the uncon-
jugated olefin other than the conjugated diene compound 1s an
addition polymerization.

In a further preferable embodiment of the method for pro-
ducing the copolymer according to the mvention, the uncon-
jugated olefin other than the conjugated diene compound 1s an
acyclic olefin. In a still further preferable embodiment of the
method for producing the copolymer according to the mnven-
tion, the unconjugated olefin other than the conjugated diene
compound 1s an ¢.-olefin having a carbon number of 2-10. At
this moment, as the unconjugated olefin other than the con-
jugated diene compound are preferable ethylene and propy-
lene.

In another preferable embodiment of the method for pro-
ducing the copolymer according to the mvention, the conju-
gated diene compound has a carbon number of 4-8. At this
moment, as the conjugated diene compound are preferable
1,3-butadiene and 1soprene.

In the other preferable embodiment of the method for pro-
ducing the copolymer according to the invention, when the
conjugated diene compound 1s polymerized with the uncon-
jugated olefin, a pressure of the unconjugated olefin 1s 0.1
MPa to 10 MPa.

In a further preferable embodiment of the method for pro-
ducing the copolymer according to the mvention, when the
conjugated diene compound 1s polymerized with the uncon-
jugated olefin, a concentration of the conjugated diene com-
pound (mol/1) and a concentration of the unconjugated olefin
(mol/1) at the starting of the polymerization satisiy a relation
of the following equation:

concentration of unconjugated olefin/concentration of

conjugated diene compound=1.0.

Eftects of the Invention

According to the mvention, the conjugated diene com-
pound and the unconjugated olefin other than the conjugated
diene compound are polymerized in the presence of the poly-
merization catalyst composition including the specified met-
allocene complex, whereby a copolymer having a high ci1s-1,4
bond content 1s the conjugated diene compound portion can
be produced.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a chart of an IR spectrum of a butadiene-ethylene
copolymer B.

FIG. 2 1s a chart of an IR spectrum of a polybutadinen E.

FIG. 3 is a chart of an "H-NMR spectrum of a butadiene-
cthylene copolymer B.

FIG. 4 is a chart of a ">’C-NMR spectrum of a butadiene-
cthylene copolymer B.

MODE FOR CARRYING OUT THE INVENTION

The invention will be described 1n detail below. The
method for producing the copolymer according to the mnven-
tion 1s characterized by comprising a step of polymerizing a
conjugated diene compound and an unconjugated olefin other
than the conjugated diene compound 1n the presence of a
polymerization catalyst composition including at least one
complex selected from the group consisting of metallocene
complexes represented by the above general formulae (1) and
(II), and the half-metallocene cation complex represented by
the above general formula (III). As mentioned above, it 1s
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4

difficult to copolymerize olefin and diene efficiently in the
conventional coordinating polymerization catalyst. The
inventors have found that by optimizing a center metal used 1n
a main catalyst and a ligand of the center metal 1n a catalyst
system used in a coordinating amion polymerization can be
cificiently introduced the unconjugated olefin other than the
conjugated diene compound 1n the polymerization reaction of
the conjugated diene compound. Also, the copolymer of the
conjugated diene compound and the unconjugated olefin
other than the conjugated diene compound obtained by using
such a catalyst system have a high ci1s-1,4 bond content 1n the
micro structure of the conjugated diene compound portion.
Therefore, the copolymer obtained by the production method
according to the mvention 1s high in the extension crystallin-
ity of the conjugated diene compound portion and maintains
a glass transition point (Tg) at a low state, so that 1t 1s capable
of 1mproving a wear resistance and 1s preferably used as a
rubber component of a rubber composition.

The copolymer of the conjugated diene compound and the
unconjugated olefin other than the conjugated diene com-
pound, which 1s obtained by the method for producing the
copolymer according to the invention, 1s not particularly lim-
ited except for using a polymerization catalyst composition
described 1in detail later, and may be obtained, for example, by
copolymerizing a mixture of a conjugated diene compound
and an unconjugated olefin other than the conjugated diene
compound as a monomer likewise the method for producing
a polymer with the usual coordinating 1on polymerization
catalyst. Also, 1n the method for producing the copolymer
according to the invention, the polymerization of the conju-
gated diene compound and the unconjugated olefin other than
the conjugated diene compound 1s preferably an addition
polymerization. Further, in the method for producing the
copolymer according to the invention, the polymerization of
the conjugated diene compound and the unconjugated olefin
other than the conjugated diene compound is preferably a
random copolymerization. As the polymerization method can
be used any methods such as solution polymerization method,
suspension polymerization method, liquid-phase bulk poly-
merization method, emulsion polymerization method, vapor-
phase polymerization method, solid-phase polymerization
method and the like. When a solvent 1s used in the polymer-
1zation reaction, 1t 1s sufficient that the solvent used is 1nactive
in the polymerization reaction, and the amount of the solvent
used 1s optional, but 1s preferable to be an amount that the
concentration of the complex included 1n the polymerization
catalyst composition is rendered mnto 0.1-0.0001 mol/l.

The conjugated diene compound used as the monomer
preferably has a carbon number of 4-8. As the conjugated
diene compound are concretely mentioned 1,3-butadiene,
1soprene, 1,3-pentadiene, 2,3-dimethylbutadiene and the like.
Among them, 1,3-butadiene and i1soprene are preiferable.
These conjugated diene compounds may be used alone or 1n
a combination of two or more.

On the other hand, the unconjugated olefin used as the
monomer 1s an unconjugated olefin other than the conjugated
diene compound, which has an excellent heat resistance and
1s possible to enhance a degree of design freedom as an
clastomer by decreasing a proportion of double bonds occu-
pied in the main chain of the copolymer but also controlling a
crystallizability. As the unconjugated olefin 1s preferable an
acyclic olefin, and also an a.-olefin having a carbon number of
2-10 1s preferable as the unconjugated olefin. Since a.-olefin
has a double bond in the a-position of olefin, the copolymer-
ization with the conjugated diene compound can be con-
ducted efliciently. Therefore, as the unconjugated olefin are
preferably mentioned a-olefins such as ethylene, propylene,
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1-butene, 1-pentene, 1-hexene, 1-heptene, 1-octene and the
like. Among them, ethylene, propylene and 1-butene are pret-
erable. These unconjugated olefins may be need alone or 1n a
combination of two or more.

The polymerization catalyst composition used in the
method for producing the copolymer according to the mnven-
tion 1s required to comprise at least one complex selected
from the group consisting of the metallocene complexes rep-
resented by the general formulae (I) and (II) and the hali-
metallocene cation complex represented by the general for-
mula (III) and further 1s preferable to include other
component contained in the polymerization catalyst compo-
sition comprising the usual metallocene complex, for
example, a co-catalyst or the like.

In the metallocene complexes represented by the general
formulae (I) and (II), Cp”™ is a non-substituted indenyl or a
substituted indenyl. Cp”™ having an indenyl ring as a basic
skeleton may be shown by CoH,_ R, _or C;H,,_ R, wherein x
1s an integer of 0-7 or 0-11. Also, R 1s preferable to be
independently a hydrocarbyl group or a metalloid group. The
carbon number of the hydrocarbyl group 1s preferably 1-20,
more preferably 1-10, most preferably 1-8. Concretely, as the
hydrocarbyl group are pretferably mentioned methyl group,
ethyl group, phenyl group, benzyl group and the like. On the
other hand, as an example of metalloid 1n the metalloid group
are mentioned Ge of germyl, Sn of stannyl and S1 of s1lyl, and
the metalloind group 1s preferable to have a hydrocarbyl
group, and the hydrocarbyl group included in the metalloid
group 1s the same as in the above-mentioned hydrocarbyl
group. As the metalloid group are concretely mentioned tri-
methyl silyl group and so on. As the substituted indenyl are
concretely mentioned 2-phenylindenyl, 2-methylindenyl and
the like. Moreover, the two Cp”™s in the general formulae (1)
and (II) may be same or different with each other.

In the half-metallocene complex represented by the gen-
eral formula (III), Cp™ is a non-substituted or substituted
cyclopentadienyl, indenyl or fluorenyl, among which the non-
substituted or substituted indenyl is preferable. Cp”™ having
cyclopentadienyl ring as a basic skeleton 1s shown by C.H. __
R_. In this case, X 1s an integer of 0-5. Also, R 1s pretferable to
be 1ndependently a hydrocarbyl group or a metalloid group.
The carbon number of the hydrocarbyl group 1s preferably
1-20, more preferably 1-10, most preferably 1-8. Concretely,
as the hydrocarbyl group are preferably mentioned methyl
group, ethyl group, phenyl group, benzyl group and the like.
On the other hand, as an example of metalloid 1n the metalloid
group are mentioned Ge of germyl, Sn of stannyl and Si1 of
s1lyl, and the metalloid group 1s preferable to have a hydro-
carbyl group, and the hydrocarbyl group included 1n the met-
alloid group 1s the same as 1n the above-mentioned hydrocar-
byl group. As the metalloid group are concretely mentioned
trimethyl silyl group and so on. As Cp™ having cyclopenta-
dienyl ring as a basic skeleton are concretely exemplified the
followings:

H H

(wherein R 1s a hydrogen atom, methyl group or ethyl group.)
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In the general formula (I11), Cp™ having indenyl ring as a
basic skeleton is defined in the same manner as in Cp”® of the
general formula (1) and also a preferable example thereof 1s
same.

In the general formula (I11), Cp”™ having fluorenyl ring as a
basic skeleton may be shownby C,;Hy_ R _orC,;H,,_R .In
this case, X 1s an 1nteger of 0-9 or 0-17. Also, R 1s preferable
to be independently a hydrocarbyl group or ametalloid group.
The carbon number of the hydrocarbyl group 1s preferably
1-20, more preferably 1-10, most preferably 1-8. Concretely,
as the hydrocarbyl group are preferably mentioned methyl,
group, ethyl group, phenyl group, benzyl group and the like.
On the other hand, as an example of metalloid 1n the metalloid
group are mentioned Ge of germyl, Sn of stannyl and S1 of
s1lyl, and the metalloid group 1s preferable to have a hydro-
carbyl group, and the hydrocarbyl group included 1n the met-
alloid group 1s the same as 1n the above-mentioned hydrocar-
byl group. As the metalloid group are concretely mentioned
trimethyl silyl group and so on.

The center metal M 1n the general formulae (1), (IT) and (111)
1s a lanthanoid element, scandium or yttrium. In the lantha-
noid element are included fifteen elements of Atomic Num-
bers 57-71, any one of which may be used. As the center metal
M are preferably mentioned samarium Sm, neodymium Nd,
prasecodymium Pr, gadolinium Gd, certum Ce, holmium Ho,
scandium Sc and yttrium Y.

The metallocene complex represented by the general for-
mula (I) includes a silylamide ligand [ —N(S1R, ), ]. Each of R
groups (R?-R/ in the formula (1)) included in the silylamide
ligand 1s independently an alkyl group having a carbon num-
ber of 1-3 or a hydrogen atom. Also, at least one of R*-R” is
preferably a hydrogen atom. When at least one of R%R’ is
made a hydrogen atom, the synthesis of the catalyst becomes
easier, and the bulkiness around silicon becomes lower, and
hence the unconjugated olefin 1s introduced easily. From the
same viewpoilnt, 1t 1s more preferable that at least one of R“-R”
is a hydrogen atom and at least one of R%-R/ is a hydrogen
atom. Moreover, as an alkyl group 1s preferable methyl group.

The metallocene complex represented by the general for-
mula (II) includes a silyl ligand [—S1X',]. X' included 1n the
silyl ligand [—S1X',;] 1s a group defined likewise X of the
general formula (III) described later, and also a preferable
group 1S same.

In the general formula (II1), X 1s a group selected from the
group consisting of a hydrogen atom, a halogen atom, an
alkoxide group, a thiolate group, an amide group, a silyl
group and a hydrocarbon group having a carbon number of
1-20. As the alkoxide group are mentioned aliphatic alkoxy
groups such as methoxy group, ethoxy group, propoxy group,
n-butoxy group, 1sobutoxy group, see-butoxy group, tert-bu-
toxy group and the like; and aryloxide groups such as phe-
noxy group, 2,6-di-tert-butylphenoxy group, 2,6-diisopropy-
Iphenoxy group, 2,6-dineopentylphenoxy group, 2-tert-
butyl-6-1sopropylphenoxy group, 2-tert-butyl-6-
neopentylphenoxy group, 2-1sopropyl-6-neopentylphenoxy
group and the like, and among them 2,6-di-tert-butylphenoxy
group 1s preferable.

As the thiolate group shown by X 1n the general formula
(III) are mentioned aliphatic thiolate groups such as thi-
omethoxy group, thioethoxy group, thiopropoxy group, thio-
n-butoxy group, thioisobutoxy group, thio-sec-butoxy group,
thio-tert-butoxy group and the like; arylthiolate groups such
as thiophenoxy group, 2,6-di-tert-butylthiophenoxy group,
2,6-dusopropylthiophenoxy group, 2,6-dineopentylthiophe-
noxy group, 2-tert-butyl-6-1sopropylthiophenoxy group,
2-tert-butyl-6-thioneopentylphenoxy group, 2-1sopropyl-6-
thioneopentylphenoxy group, 2,4,6-tritsopropylthiophenoxy
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group and the like, and among them 2,4,6-triisopropylth-
iophenoxy group is preferable.

Asthe amide group shown by X in the general formula (111)
are mentioned aliphatic amide groups such as dimethylamide
group, diethylamide group, diisopropylamide group and the
like; arylamide groups such as phenylamide group, 2,6-di-
tert-butylphenylamide group, 2,6-diisopropylphenylamide
group, 2,6-dineopentyiphenylamide group, 2-tert-butyl-6-
1sopropylphenylamide group, 2-tert-butyl-6-neopentylphe-
nylarnide  group, 2-1sopropyl-6-neopentylphenylamide
group, 2,4,6-tert-butylphenylamide group and the like; and
bistrialkylsilylamide groups such as bistrimethylsilylamide
group and the like, and among them bistrimethylsilylamide
group 1s prelerable.

As the silyl group shown by X 1n the general formula (111)
are mentioned trimethylsilyl group, tris(trimethylsilyl)silyl
group, bis(trimethylsilyl)methylsilyl group, trimethylsilyl
(dimethyl)silyl group, triisopropylsilyl(bistrimethylsilyl)si-
lyl group and the like, and among them tris(trimethylsilyl)
s1lyl group 1s preferable.

As the halogen atom shown by X 1n the general formula
(III) may be fluorine atom, chlorine atom, bromine atom or
i0odine atom, and the chlorine atom or bromine atom 1s pret-
erable. As the hydrocarbon group having a carbon number of
1-20 shown by X are concretely mentioned straight or
branched aliphatic hydrocarbon groups such as methyl group,
cthyl group, n-propyl group, 1sopropyl group, n-butyl group,
1sobutyl group, sec-butyl group, tert-butyl group, neopentyl
group, hexyl group, octyl group and the like; aromatic hydro-
carbon groups such as phenyl group, tolyl group, naphthyl
group and the like; an aralkyl group such as benzyl group or
the like; a hydrocarbon group containing silicon atom such as
trimethylsilylmethyl group, bistrimethylsilylmethyl group or
the like, and so on, and among them methyl group, ethyl,
group, 1sobutyl group and trimethylsilylmethyl group and so
on are preferable.

As X 1n the general formula (I111) 1s preferable bistrimeth-

ylsilylamide group or a hydrocarbon group having a carbon
number of 1-20.

As the non-coordinating anion shown by [B]™ 1n the gen-
eral formula (III) 1s mentioned, for example, a tetravalent
boron anion. As the tetravalent boron anion are concretely
mentioned tetraphenylborate, tetrakis(monofluorophenyl)
borate, tetrakis(difluorophenyl) borate, tetrakis(trifluoror-
phenyl) borate, tetrakis(tetratluorophenyl) borate, tetrakis
(pentafluorophenyl) borate, tetrakis(tetrafluoromethylphe-
nyl) borate, tetra(tolyl) borate, tetra(xylyl) borate, (triphenyl,
pentatluorophenyl) borate, [tris(pentafluorophenyl), phenyl]
borate, tridecahydride-7,8-dicarbaundecaborate and the like,
and among them tetrakis(pentatluorophenyl) borate 1s pret-
erable.

The metallocene complexes represented by the general
formulae (I) and (II) as well as the half-metallocene cation
complex represented by the general formula (III) contain
turther 0-3, preferably 0-1 neutral Lewis base L. As the neu-
tral Lewi1s base L are mentioned, for example, tetrahydrofu-
ran, diethyl ether, dimethyl aniline, trimethyl phosphine,
lithium chloride, neutral olefins, neutral diolefins and so on.
At this moment, when the complex contains a plurality of
neutral Lewis bases L, the neutral Lewis bases L. may be same
or different.

Also, the metallocene complexes represented by the gen-
eral formulae (I) and (II) as well as the half-metallocene
cation complex represented by the general formula (111) may
be present as a monomer or may be present as a dimer or
more.
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The metallocene complex represented by the general for-
mula (I) can be obtained, for example, by reacting a lantha-
noid trishalide, scandium trishalide or yttrium trishalide with
a salt (e.g. potassium salt or lithium salt) of indenyl and a salt
(e.g. potasstum salt or lithium salt) of bis(trialkylsilyl)amide
in a solvent. Moreover, the reaction temperature 1s suificient
to be about room temperature, so that the complex can be
produced under moderate conditions. Also, the reaction time
1s optional but 1s about several hours to few ten hours. The
reaction solvent 1s not particularly limited, but is preferable to
be a solvent dissolving a raw material and a product, and
toluene may be used, for example. An example of the reaction
for obtaining the metallocene complex represented by the
general formula (1) 1s shown below:

L.
N/

MX"; + 2CpfLi + KN(SiRz), — M—N(SiR3),

/

CpR
(1)

(wherein X" 1s a halide.)
The metallocene complex represented by the general for-

mula (II) can be obtained, for example, by reacting a lantha-
noid trishalide, scandium trishalide or yttrium trishalide with
a salt (e.g. potassium salt or lithium salt) of indenyl and a salt
(e.g. potassium salt or lithium salt) of silyl 1n a solvent.
Moreover, the reaction temperature 1s suilicient to be about
room temperature, so that the complex can be produced under
moderate conditions. Also, the reaction time 1s optional but 1s
about several hours to few ten hours. The reaction solvent 1s
not particularly limited, but 1s preferable to be a solvent
dissolving a raw material and a product, and toluene may be
used, for example. An example of the reaction for obtaining
the metallocene complex represented by the general formula
(II) 1s shown below:

L
CpR /
\
M—>581X3
/
CpR

(1)

MX"; + 2CpfLi + KSiX;

———

(wherein X" 15 a halide.)

The half-metallocene cation complex represented by the
general formula (III) can be obtained, for example, by the
tollowing reaction.

Cp®
cpﬂ”hL?Lw + [A]@)[B]@ —>
(IV)
T
R et
(II1)

In the compound represented by the general formula (IV),
M is a lanthanoid element, scandium or yttrium, and Cp™' is



US 8,853,339 B2

9

independently a non-substituted or substituted cyclopentadi-
enyl, indenyl or fluorenyl, and X 1s a hydrogen atom, a halo-
gen atom, an alkoxide group, a thiolate group, an amaide
group, a silyl group or a hydrocarbon group having a carbon
number of 1-20, and L 1s a neutral Lewis base, and w 1s an
integer of 0-3. In an 10nic compound represented by a general
formula [A]"[B]~, [A]" 1s a cation and [B]™ 1s a non-coordi-
nating anion.

As the cation shown by [A]™ are mentioned, for example,
carbonium cation, oxonium cation, amine cation, phospho-
nium cation, cycloheptatrienyl cation, ferrocenium cation
containing a transition metal and so on. As the carbonium
cation are mentioned trisubstituted carbonium cation such as
triphenylcarbonium cation, tri(substituted phenyl) car-
bonium cation or the like, and so on. As the tri(substituted
phenyl)carbonium cation are concretely mentioned tri{meth-
ylphenyl)carbonium cation and the like. As the amine cation
are mentioned trialkyl ammomium cation such as trimethyl
ammonium cation, triecthyl ammonium cation, tripropyl
ammonium cation, tributyl ammonium cation or the like;
N,N-dialkyl anilintum cation such as N.N-dimethyl
anilinium cation, N,N-diethyl anilintum cation, N,N-2.,4,6-
pentamethyl anilintum cation or the like; dialkyl ammonium
cation such as dusopropyl ammonium cation, dicyclohexyl
ammonium cation or the like; and so on. As the phosphonium
cation are mentioned triaryl phosphonium cation such as
triphenyl phosphonium cation, tri{imethylphenyl)phospho-
nium cation, tri{dimethylpkenyl)phosphonium cation or the
like; and so on. Among these cations, N,N-dialkyl anilinium
cation or carbomium cation 1s preferable, and N,N-dialkyl
anilinium cation 1s particularly preferable.

The 1onmic compound of the general formula [A]T[B]™ used
in the above reaction 1s a compound composed of a combi-
nation of the selected non-coordinating anion and cation and
1s preferably N,N-dimethylanilinium tetrakis (pentafluo-
rophenyl) borate, triphenylcarbonium tetrakis(pentatiuo-
rophenyl) borate or the like. Further, the 1onic compound of
the general formula [A]"[B]™ is added to the metallocene
complex 1n a molar amount of preferably 0.1-10 times, more
preferably about 1 times. Moreover, when the half-metal-
locene cation complex represented by the general formula
(III) 1s used 1n the polymerization reaction, the haif-metal-
locene cation complex represented by the general formula
(III) may be provided to the polymerization reaction system
as 1t 15, or the compound of the general formula (IV) and the
ionic compound of the general formula [A]T[B]™ used 1n the
above reaction may be provided separately to the polymer-
1zation reaction system to form the half-metallocene cation
complex of the general formula (I1I) 1n the reaction system.
Also, by using a combination of the metallocene complex of
the general formula (I) or (1I) and the 10nmic compound of the
general formula [A]"[B]™ may be formed the half-metal-
locene cation complex of the general formula (III) in the
reaction system.

It 1s preferable to determine the structures of the metal-
locene complexes represented by the general formulae (1) and
(II) and the halt-metallocene cation complex represented by
the general formula (I1I) through an X-ray structure analysis.

A promoter usable in the polymerization catalyst compo-
sition may be optionally selected from components used as a
promoter in the polymerization catalyst composition contain-
ing the usual metallocene complex. As the promoter are pret-
erably mentioned, for example, aluminoxane, an organoalu-
minum compound, the aforementioned 10nic compounds and
the like. These promoters may be used alone or 1n a combi-
nation of two or more.
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As the aluminoxane is preferable an alkylaluminoxane,
which includes, for example, methylaluminoxane (MAQO), a
modified methylaluminoxane and the like. As the modified
methylaluminoxane are preferable MMAQO-3A (made by
Toso Finechem Co., Ltd.) and the like. Moreover, the content
of aluminoxane 1n the polymerization catalyst composition 1s
preferable so that a element ratio Al/M of aluminum element
Al 1n the aluminoxane to the center metal M 1n the metal-
locene complex 1s about 10-1000, preferably about 100.

As the organoaluminum compound 1s preferable an
organic aluminum compound represented by the general for-
mula: AIRR'R" (wherein R and R' are independently C, -C,
hydrocarbon group or a hydrogen atom, and R" 1s C,-C,,
hydrocarbon group). As the concrete example of the orga-
noaluminum compound are mentioned, for example, a tri-
alkylaluminum, a dialkylaluminum chlonide, an alkylalumi-
num dichloride, a dialkylaluminum hydride and the like.
Among them, the trialkylaluminum 1s preferable. As the tri-
alkylaluminum are mentioned, for example, triethylalumi-
num, trizsobutylalumimim and the like. Moreover, the content
of the organoaluminum compound in the polymerization
catalyst composition 1s preferably 1-350 times, more prefer-
ably about 10 times per 1 mol of the metallocene complex.

In the polymerization catalyst composition, each of the
metallocene complexes of the general formulae (1) and (11) as
well as the half-metallocene cation complex of the general
formula (III) 1s combined with an adequate promoter,
whereby the content of cis-1,4 bond or the molecular weight
of the resulting copolymer can be increased.

The method for producing the copolymer according to the
invention may be conducted in the same manner as 1n a
method for polymerizing a polymer through polymerization
reaction using the conventional coordinating 1on polymeriza-
tion catalyst except for using the aforementioned polymer-
1zation catalyst composition as a polymerization catalyst, as
mentioned above. In the method for producing the copolymer
according to the invention, for example, (1) components con-
stituting the polymerization catalyst composition may be
separately supplied to a polymerization reaction system con-
taining the conjugated diene compound and unconjugated
olefin other than the conjugated diene compound as a mono-
mer to form the polymerization catalyst composition in such
a reaction system, or (2) the previously prepared polymeriza-
tion catalyst composition may be supplied to the polymeriza-
tion reaction system. Also, the Item (2) includes the provision
ol a metallocene complex activated by the promoter (active
species ). Moreover, the amount of the metallocene complex
included 1n the polymerization catalyst composition used 1s
preferable to be a range of 0.0001-0.01 times more than the
mole 1n total of the conjugated diene compound and uncon-
jugated olefin other than the conjugated diene compound.

Moreover, 1t 1s preferable to conduct the polymerization
reaction in an atmosphere of an 1nert gas, preferably nitrogen
gas Or argon gas.

The polymerization temperature 1n the above polymeriza-
tion reaction 1s not particularly limited, but 1s preferably a
range of, for example, —100° C. to 200° C. and may also be
about room temperature. If the polymerization temperature 1s
raised, cis-1,4 selectivity 1 the polymerization reaction may
be lowered. On the other hand, the reaction time 1n the poly-
merization reaction 1s not particularly limited and 1s prefer-
ably a range of, for example, 1 second to 10 days, but may be
properly selected 1n accordance with a kind of a monomer to
be polymerized, a kind of a catalyst, and conditions such as
polymerization temperature and the like.

In the method for producing the copolymer according to
the invention, when the conjugated diene compound 1s poly-
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merized with the unconjugated olefin other than the conju-
gated diene compound, the pressure of the unconjugated ole-
fin1s preferably 0.1 MPato 10 MPa. When the pressure of the
unconjugated olefin 1s not less than 0.1 MPa, the unconju-
gated olefin can be efliciently introduced into the reaction
mixture. While when the pressure of the unconjugated olefin
1s too high, the effect of efficiently introducing the unconju-
gated olefin 1s saturated, so that the pressure of the unconju-
gated olefin 1s preferably not more than 10 MPa.

In the method for producing the copolymer according to
the invention, when the conjugated diene compound 1s poly-
merized with the unconjugated olefin other than the conju-
gated diene compound, the concentration of the conjugated
diene compound (mol/l) and the concentration of the uncon-
jugated olefin (mol/1) at the starting of the polymerization are
preferable to satisiy the relation of the following equation:

concentration of unconjugated olefin/concentration of
conjugated diene compound=1.0, more prefer-
ably the relation of the following equation:

concentration of unconjugated olefin/concentration of
conjugated diene compound=1.3, must prefer-
ably the relation of the following equation:

concentration of unconjugated olefin/concentration of
conjugated diene compound=1.7.

By rendering the value of concentration of unconjugated ole-
fin/concentration of conjugated diene compound 1nto not less
than 1 can be efficiently introduced the unconjugated olefin
into the reaction mixture.

In the method for producing the copolymer according to
the ivention, the reaction mixture includes the polymeriza-
tion catalyst composition, the solvent and so on 1n addition to
the conjugated diene compound and the unconjugated olefin.

Also, 1n the copolymer of the conjugated diene compound
and the unconjugated olefin other than the conjugated diene
compound obtained by the method for producing the copoly-
mer according to the invention, the number average molecu-
lar weight (Mn) of the copolymer 1s not particularly limited,
and also a problem of molecular weight reduction 1s not
caused. From the viewpoint of an application for macromo-
lecular structure matenials, the number average molecular
weight (Mn) 1s preferably not less than 50,000, more preter-
ably 100,000. Further, the molecular weight distribution
(Mw/Mn) represented by a ratio of weight average molecular
weight (Mw) to number average molecular weight (Mn) 1s
preferably not more than 4, more preferably not more than
2.5. At this moment, the average molecular weight and the
molecular weight distribution can be determined by a gel
permeation chromatography (GPC) using polystyrene as a
standard substance.

The copolymer of the conjugated diene compound and the
unconjugated olefin other than the conjugated diene com-
pound obtained by the method for producing the copolymer
according to the mvention 1s high i the c1s-1,4 bond content
ol the conjugated diene compound portion. The ci1s-1,4 bond
content of the conjugated diene compound portion 1s prefer-
ably not less than 85%. When the cis-1,4 bond content of the
conjugated diene compound portion 1s not less than 85%, a
high extension crystallinity and a low glass transition point
(Tg) can be maintained, whereby the properties such as wear
resistance and the like are improved. While when the ci1s-1,4
bond content of the conjugated diene compound portion 1s
less than 85%, the extension crystallinity 1s deteriorated
remarkably, but also the glass transition point (Tg) 1s raised,
so that the durability such as wear resistance or the like may
be deteriorated.
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The copolymer of the conjugated diene compound and the
unconjugated olefin other than the conjugated diene com-
pound obtained by the method for producing the copolymer
according to the mvention 1s preferably not more than 20%,
more preferably not more than 15% 1n the vinyl bond content
of the conjugated diene compound portion. When the vinyl
bond content of the conjugated diene compound portion
exceeds 20%, c1s-1,4 bond content 1s reduced and the effect of
improving the wear resistance may not be obtained suili-
ciently.

In the copolymer of the conjugated diene compound and
the unconjugated olefin other than the conjugated diene com-
pound obtained by the method for producing the copolymer
according to the invention, a content of the unconjugated
olefin other than the conjugated diene compound is prefer-
ably arange of 3-98 mol %, more preferably a range of 10-50
mol %. When the content of the unconjugated olefin other
than the conjugated diene compound 1s within the specified
range, the ment of introducing the unconjugated olefin hav-
ing the effect of improving the heat resistance 1into the main
chain while homogenously behaving as an elastomer 1is
retained. When the content of the unconjugated olefin other
than the conjugated diene compound 1s less than 3 mol %, the
merit of mtroducing the unconjugated olefin 1nto the main
chain may be lost, while when it exceeds 98 mol %, the mernit
of introducing the conjugated diene compound 1nto the main
chain (e.g. an ease of cross-linkage or the like) may be lost.

The copolymer of the conjugated diene compound and the
unconjugated olefin other than the conjugated diene com-
pound obtained by the method for producing the copolymer
according to the mvention 1s advantageous 1n the cross-link-
ing while maintaiming the crystallizability, so that 1t can be

used 1n the elastomer products as a whole, more particularly
tire members.

EXAMPLES

The following examples are given 1n 1illustration of the
invention and are not intended as limitations thereof.

Example 1

Into a pressure glass reactor of 400 ml dried sufficiently 1s
added 325 ml of a solution containing 13.58 g (0.25 mol) of
1,3-butadinene 1n toluene, and thereafter ethylene is intro-
duced theremto at 0.4 MPa for 30 minutes. After the intro-
ducing of ethylene, the weight of the polymerizsation reac-
tion system gains 7.00 g, from which 1t 1s confirmed that 0.25
mol of ethylene 1s introduced 1nto the polymerization reaction
system. Thus, the ratio of ethylene concentration E to buta-
diene concentration Bd at the starting of the polymerization
(E/Bd)1s 1.00. Onthe other hand, into a glass vessel in a glove
box under a nitrogen atmosphere are charged 18 umol of
bis(2-phenylindenyl)gadolinium  bis(dimethylsilylamide)
[(2-PhC,H,),GAN(S1HMe,),], 36 umol of dimethyla-
nilintum tetrakis(pentafluorophenyl) borate [Me,NHPhB
(CF<).] and 0.90 mmol of diisobutyl aluminum hydride, and
dissolved 1in 10 ml of toluene to form a catalyst solution. Then,
the catalyst solution 1s removed from the glove box, and
added to the monomer solution 1n an amount of 17.5 umol by
gadolintum conversion and the polymerization 1s conducted
at a room temperature for 180 minutes. After the polymeriza-
tion, 1 ml of a solution of 5 mass % of 2,2'-methylene-bis(4-
cthyl-6-t-butylphenol) (NS-3) in 1sopropanol 1s added to ter-
minate the reaction, and further the resulting copolymer 1s
separated with a large amount of methanol and dried under
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vacuum at 70° C. to obtain a copolymer A. The yield of the
resulting copolymer A 15 12.00 g.

Example 2

A polymerization 1s conducted 1n the same manner as 1n
Example 1 except that ethylene 1s introduced thereinto at 0.8
MPa for 30 minutes and 12.5 g (0.45 mol) of ethylene 1s

charged (E/Bd=1.80), whereby a copolymer B 1s obtained 1n
a yield of 10.30 g.

Example 3

A polymerization 1s conducted 1n the same manner as 1n
Example 1 except that the amount of diisobutyl aluminum
hydride charged 1s changed to 1.35 mmol, whereby a copoly-
mer C 1s obtained 1n & yield of 13.65 g.

Example 4

Into a pressure glass reactor of 200 ml dried sufficiently 1s
added 20 ml of a solution containing 3.38 g (0.063 mol) of
1,3-butadinene in toluene, and thereafter 2.45 g (0.088 mol)
of ethylene 1s introduced thereinto (E/Bd=1.40). On the other
hand, into a glass vessel in a glove box under a nitrogen
atmosphere are charged 3.5 umol of bis(2-phenylindenyl)
gadolintum bis(dimethylsilylamide) [(2-PhC H),GAN(S1-
HMe,),], 11.0 umol of dimethylanilintum tetrakis(pentatluo-
rophenyl) borate [Me,NHPhB(C/F.),] and 0.41 mmol of
trizsobutyl aluminum, and dissolved 1 10 ml of toluene to
form a catalyst solution. Then, the catalyst solution 1is
removed from the glove box, and added to the monomer
solution 1n an amount of 5.0 umol by gadolimmum conversion
and the polymerization 1s conducted at a room temperature
for 240 minutes. After the polymerization, 1 ml of a solution
of 5 mass % of 2,2'-methylene-bis(4-ethyl-6-t-butylphenol)
(NS-5) 1n 1sopropanol 1s added to terminate the reaction, and
turther the resulting copolymer 1s separated with a large
amount of methanol and dried under vacuum at 70° C. to
obtain a copolymer D. The yield of the resulting copolymer D

1s 4.15 g.

Retference Example 1

Into a glass bottle of 1 L provided with a rubber plug and
dried and replaced with nitrogen 1s charged 450 g of a solution
containing 54 g (1 mol) of 1,3-butadiene 1n toluene to form a
monomer solution. On the other hand, into a glass vessel in a
glove box under a nitrogen atmosphere are charged 3 umol of
bis(2-phenylindenyl)gadolinium  bis(dimethylsilylamide)
[(2-PhC H,),GAN(S1HMe,),], 4.5 umol of dimethyla-
nilintum tetrakis(pentatluorophenyl) borate [Me,NHPhB
(CcFs)4] and 1.5 mmol of diisobutyl aluminum hydride, and
dissolved 1n 5 ml of toluene to form a catalyst solution. Then,
the catalyst solution 1s removed from the glove box, and
added to the monomer solution 1n an amount of 2 umol by
gadolintum conversion and the polymerization 1s conducted
at a room temperature for 180 minutes. After the polymeriza-
tion, 2 ml of a solution of 5 mass % of 2,2'-methylene-bis(4-
cthyl-6-t-butylphenol) (NS-3) in 1sopropanol 1s added to ter-
minate the reaction, and further the resulting copolymer 1s
separated with a large amount of methanol and dried under
vacuum at 70° C. to obtain a polybutadiene E 1n a yield of 54
g,

With respect to the thus produced copolymers of Examples
1-4 and the polymer of Reference Example 1, the microstruc-
ture, ethylene content, number average molecular weight
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(Mn), molecular weight distribution (Mw/Mn) and chain
characterization in the copolymer are measured and evaluated
according to the following methods.

(1) Microstructure

The micro structure 1s determined by an infrared method
(Morello method). The results are shown 1n Table 1. FIG. 1 1s
a chart of the IR spectrum of butadiene-ethylene copolymer
B. FIG. 2 15 a chart of the IR spectrum of polybutadiene E.

(2) Ethylene Content

The content of ethylene portion 1n the copolymer (mol %)
is determined by the integral ratio of 'H-NMR spectrum.
Moreover, the measurement through "H-NMR is conducted
at 100° C. using a deuterated 1,1,2,2-tetrachloroethane as a
solvent. The results are shown 1n Table 1. FIG. 3 1s a chart of
the "H-NMR spectrum of butadiene-ethylene copolymer B.

(3) Chain Characterization in Copolymer

The chain characterization of the ethylene portion and
butadiene portion in the copolymer 1s conducted by using
P C-NMR spectrum (methylene region of 22-36 ppm). More-
over, the measurement through '“C-NMR is conducted at
100° C. using a deuterated 1,1,2,2-tetrachloroethane as a
solvent. FIG. 4 is a chart of the "C-NMR spectrum of buta-
diene-cthylene copolymer B.

(4) Weight Average Molecular Weight (Mw) and Molecu-
lar Weight Distribution (Mw/Mn)

The weight average molecular weight (Mw) and the
molecular weight distribution (Mw/Mn) of each polymer as
converted to polystyrene are measured through a gel perme-
ation chromatography [GPC:HLC-8121 GPC/HT made by
TOSOH, column: GMH,,.-H(S)HTxtwo columns made by
TOSOH, detector: differential refractometer (RI)] as a stan-
dard of monodisperse polystyrene. Moreover, the measure-
ment temperature 1s 140° C.

TABLE 1
Example Example Example Example Reference
1 2 3 4 Example 1

Mn (x10?) 174 158 100 134 316
Mw/Mn 1.94 1.94 2.45 2.42 1.58
Cis-1.4 bond 98.1 97.4 97.2 97.0 99.0
content (%)
Vinyl bond 0.6 0.7 0.6 0.7 0.1
content (%)
Ethylene 11 18 19 36 —
content
(mol %)

As seen from Table 1, all of polymers A-D of Examples 1-4
have a number average molecular weight (Mn) of not less
than 100,000, and hence high-molecular weight copolymers
are obtained. Also, 1t can be seen that the proportion of cis-1,4
bond content of the butadiene portion in each of these copoly-
mers 15 high and shows the same degree of value even i1 they
are compared with the result on the butadiene homopolymer
shown 1n Reference Example 1. Further, the ethylene content
in each of the copolymers 1s not less than 10 mol %, from
which 1t 1s found that the proportion of the unconjugated
olefin other than the conjugated diene compound in the
copolymer can be controlled optionally. Still further, plural
peaks other than a peak showing polyethylene (29.4 ppm) and
a peak showing cis-1,4-polybutadiene (27.3 ppm) are
observed by the chain characterization through 'C-NMR
spectrum, from which it 1s found that ethylene and butadiene
are copolymerized randomly.

The invention claimed 1s:
1. A method for producing a copolymer characterized by
comprising a step of polymerizing a conjugated diene com-
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pound and an olefin 1n the presence of a polymerization
catalyst composition comprising a metallocene complex rep-
resented by the following general formula (I):

(D

CpR
Mawe—1
cpR”\
P pandpc
/N—Sl(RRR)
Si(RReRY)

wherein M 1s a lanthanoid element, scandium or yttrium,
and Cp”® is independently a non-substituted or substi-
tuted indenyl, and R%R’ are independently an alkyl
group having a carbon number of 1-3 or a hydrogen
atom, and L 1s a neutral Lewis base, and w 1s an integer
of 0-3, and
wherein the ci1s-1,4 bond content of the conjugated diene
compound portion in the copolymer 1s not less than 85%.
2. A method for producing a copolymer according to claim
1, wherein at least one of R?-R’ is a hydrogen atom.
3. A method for producing a copolymer according to claim
2, wherein at least one of R“-R“ 1s a hydrogen atom and at least

one of R“-R’ is a hydrogen atom.

4. A method for producing a copolymer according to claim
1, wherein the polymerization of the conjugated diene com-
pound and the olefin 1s an addition polymerization.
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5. A method for producing a copolymer according to claim
1, wherein the olefin 1s an acyclic olefin.

6. A method for producing a copolymer according to claim
1, wherein the olefin 1s an c.-olefin having a carbon number of
2-10.

7. A method for producing a copolymer according to claim
5, wherein the olefin 1s selected from the group consisting of
cthylene and propylene.

8. A method for producing a copolymer according to claim
1, wherein the conjugated diene compound has a carbon
number of 4-8.

9. A method for producing a copolymer according to claim
8, wherein the conjugated diene compound 1s selected from
the group consisting of 1,3-butadiene and 1soprene.

10. A method for producing a copolymer according to
claim 1, wherein when the conjugated diene compound 1is
polymerized with the olefin, a concentration of the conju-
gated diene compound (mol/l) and a concentration of the
olefin (mol/1) at the starting of the polymerization satisiy a
relation of the following equation:

concentration of olefin/concentration of conjugated
diene compound=1.0.

11. A method for producing a copolymer according to
claim 6, wherein the olefin 1s selected from the group con-
sisting of ethylene and propylene.

G o e = x
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